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Synopsis
We have examined the kinetic characteristics of the volume phase transition of poly(N-isopropylacrylamide)-
co-poly(acrylamide) gel with a conventional T-jump method in both deswelling and swelling processes. It has
been clarified that the whole relaxation curve was approximately expressed with one single exponential function,
the shrinkage speeds were so much faster than that of a poly(N- isopropylacrylamide) gel, and the relaxation rate
has obeyed by the scaling rule with the exponent ofO.63±0.10 for the normalized temperature, IT-Tolffo, where T
and To are the absolute temperature and the transition temperature, respectively. On the other hand, the swelling
speeds were too much slow because of the introduced polyacrylamide chains into the networks, causing to act as a
blocked channel for solvent water.
Keywords: polymer gel, kirietics, volume phase transition, temperature-sensitive polymer gel, poly(N-
isopropylacrylamide)-co-poly(acrylamide) gel, hydro-gel, high-speed gel, deswelling rate, scaling law
Introduction
It is well known that volume phase transition of a ~oIymer gel is induced by the change of temperature, 1-4)
solvent composition,1, 5-6) pH,5) salt concentration,7-) osmotic pressure,7) electric field,9) and hydrostatic
pressure. 10-12) Generally, compared with the statics1, 8) and the dynamicsI3-15), the kinetics of a polymer gel has not
been known well yet. 16-20) Especially in the kinetics, the relaxation speed in the deswelling process of
poly(N-isopropylacrylamide) gel (NIPA gel) is very slow and takes no less than one month.
Many investigators have attempted about the speeding-up of polymer gels for a decade.21-33) For a comb-type
NIPA gel, some attempts have been succeeded in the high speeding-up in the shrinkage process.31-33) Recently, th~
NIPA gel in a comb type (NIPA:PAAm reI), copolymerized by poly (acrylamide) chains (PAAm chain), has been
prepared and investigated by Hirot~u.32 The deswelling speed in this polymer gel has been very much fast for
several seconds.
We have paid attention to the network structure with the high relaxation rate of the NIPA:PAAm gel and also
the behavior in the deswelling and/or swelling process of the introduced PAAm-chains, which leads to high- speed
shrinkage relaxation.
We reported the experimental results of the kinetics between two phases of NIPA:PAAm gel with a
conventional T-jump method. In addition, the measurement of dynamic light scattering (DLS) of the PAAm
solution was been carried out in order to clarify the dynamics of the comb-type polymer gel.
In PAAm gels in acetone-water mixture, the collapse occurs in the VCST of 25°C, when acetone
concentration is 42%.1) In the present DLS experiment, the temperature dependence of hydrodynamic radius
of the PAAm chains with water solvent was been examined. Generally speaking, light scattering
measurement reflects much sensitively the structure in the size of several to several hundred nano-meters. In
other words, light scattering is applicable to disperse and also homogeneous medium. Heterogeneity in a
medium causes to broaden the spectrum obtained with the light scattering that reflects thermal density
fluctuation. The experimental result of the Rayleigh scattering could be clarified the dynamic characteristics
of the medium, such as the relaxation time and the diffusion coefficient. We discuss the role of the PAAm
chains in the NIPA:PAAm networks with water solvent.
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Theoretical background
Kinetics .
In the relaxation of both deswelling and swelling processes of volume phase transition of a polymer §el, the
time evolution of the diameter of a gel rod, d(t), can be approximately expressed by the following formula.! )
u(t)=(6/tr) exp(-Ikt) (1)
Here, rK is the relaxation rate. u(t) is the magnitude of a displacement vector defined as follows.
u(t) =Id(t)-d(00) 1/ld(O)-d(00) I (2)
Dynamic Light Scattering
An intensity-intensity auto-correlation function of scattered light, G(2)(t), is expressed with a time correlation
function G(l)(t) of scattering electric field as follows.34)
G(2)(t) =IG(l)(0) 12(1 +Ii})(t)12)
=</>r2(1 +Ii})(t) 12) (3)
Here, i}) (t) is a normalized function of G(l). In the same way, we use g(2) (t) as a normalized function of G(2) (1).
</>r is a time-averaged intensity. Then, we can get Siegert relation formula as follows.
(4)
Moreover, i})(t)=exp(-fl) where r==Dq2. D is the collective diffusion coefficient and q the magnitude of
wave vector defined by q=(4trn/A)sin(B/2). A, B, and n are the wavelength of incident beam, the scattering angle,
and the refractive index of a solvent, respectively. Therefore, we can obtain the following expression:
12)(t}-1 =exp(-2Dq2t) (5)
In the medium of a polymer solution, D=kT/fandf=61fTJRH• The former is the Einstein formula and the latter
the Stokes equation. Here, k, T, f, 1], and RH are the Boltzman constant, the absolute temperature, the viscosity of a
solvent, and the hydrodynamic radius of a polymer, respectively.
We can obtain RH from the above relations by using the measured D and the estimated 1]-value.
Experimental
Sample Preparation
NIPA:PAAm gels of a comb-type were prepared by the method attempted by Hirotsu.32) Firstly, the
preparation of poly(acrylamide) polymer solution of the concentration of 56.0 g/ml was carried out as follows.
Acrylamide monomer (4.97 g, Wako Chemicals Co.) was dissolved in distilled water of 100 ml (700 mM).
Initiator, ammonium persulfate (40 mg, Wako Chemicals Co.), was added in the solution. The polymerization was
done at 70°C. The reaction was finished in about two hours. The molecular weight of the prepared PAAm-chain
was about 5.1 x l04, which was measured by using the gel-permeation chromatography device (GPC, 150-CV,
Waters). The polymerization degree of the polymer was estimated at about 2xl04 to 3xl05•
The polymer solution ofPAAm (20 ml, 140 mM), monomer, N-isopropylacrylamide (6.79 g, 600 mM, Kodak),
and crosslinker, bisacrylamide (0.14 g, 9.09 mM, Wako) were dissolved in water. After the pregel solution of 100
ml was bubbled with nitrogen gas, initiators, ammonium persulfate (40 mg, Wako) and tetramethylethylene-
diamine (0.240 ml, Wako) were dissolved in the solution. The gelation was carried out at 5 °C for 24 hours. The
diameter of the prepared cylindrical gels was 2.60 mm. After washing with a large amount of distilled water, a gel
rod was cut in the ratio of the length and the diameter, 3.0.
Relaxation Rate
The measurement of the relaxation rate in both deswelling and swelling processes of a NIPA:PAAm gel was
carried out with a conventional T-jump method illustrated in Figure 1. The error of the sample-cell temperature
both before and after the transfers of a sample was within ±O.05 °C. The transfer time was about one second. The
time evolution of the diameter of a gel rod was observed with CCD-camera system automatically controlled by a
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Figure 2. Block diagram of DLS-system for the measurement in non-Ergodic mode. The block
diagram of DLS apparatus: PL, polarizer; L, lens; PMT, photomultiplier; HT, high-voltage supply;
PH's, pin holes; AMP, pre- and main-amplifiers; ALV, the correlator; PC's, computers; 10,
interface; G, sample in a glass tube; TC, temperature controller of water circulation; PM, pulse
motor for sample-position determination. A computer, PC-II (PC-9801DA, NEC), is synchronized
with a computer PC-I (FMV, Fujitsu) equipped with the correlator board, connected each other
through an RS-232C cable. A decoder, DC of the interface 10 (DIO-3298PC, micro science)
decodes the software on PC-II, and the digital signal is sent to a pulse generator (SPG408,
VEXTA) after each run of IACF-measurements. The signal is changed into the fixed pulse number
and is sent to the driver PD (SPD4225, VEXTA). A pulse motor, PM (PX244M-OIA, VEXTA),
corresponding to that transmitting pulse number rotates a test-tube of a sample G in a pyrostat. The
temperature of the pyrostat is controlled by a water-circulator TC (CB-15, luchi). L is an incident
beam.
Experimental results and discussion
Equilibrium Swelling Curve
The equilibrium-swelling curve measured as increasing temperature was shown in Figure 3. The volume-
phase-transition temperature was 34.7 °C. It is seen that there is a slight difference of the transition temperature
compared with the values obtained by Hirotsu, 34.5 °C or the conventional NIPA gel, 33.6 °C.32) Transition
temperature increases with increasing the concentration of a PAAm-chain.32) This could be understood that the
segregation of the hydrophobic segments in the NIPA-networks is weakened due to the existence of the introduced
PAAm-chains.
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Figure 3. Equilibrium swelling curves. Plots of equilibrium volume ratio with temperature
correspond to the data in increasing (0) and decreasing (e) temperatures. The transition
temperature is 34.7 °c.
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Figure 1. Block diagram of the relaxation-rate measurement. A and B are the bath made of
transparent acrylic resin filled with water controlled by the temperature controllers, CL (MCO-20,
Masuda) with the cool pipe (150L, Taitec) and CH (BF-500, Yamato). S is a sample in the optical
cell of the path of 1 cm. CCD is a monochrome digital video camera (XC-75, Sony) interfaced by
10 (Super-CVI, Kanopus) with a computer, PC (PC9802-DA, NEC). A digital thermometer, DB
(DB1130-R20, CHINO) has an output of RS232C port connected to PC. The software of
C-language developed in our laboratory carries out the acquisitions of both the frames of CCO and
the temperature-datum from DB.
personal computer, the data of which were saved to a hard disk and were analyzed as the diameter in pixel-number
on the display. The error of the diameter was within ±0.0072 mm. The scanning interval was above 2 s.
We were carried out the present measurement in the following processes: (1) deswelling below the
volume-phase-transition temperature, To=34.7 °c, (2) deswelling from swollen phase to shrunken one, (3)
swelling above To, and (4) swelling from shrunken phase to swollen one.
DLS-System
Both the optical and the electrical diagrams of the dynamic light scattering experiment were shown in Figure
2. The 5 mWHe-Ne laser irradiates a sample through a lens. The beam is focused in the center of the sample. The
beam diameter is about 100 pm. Scattered light in the direction of 900 passes through a lens and two pinholes with
the diameter of 600 j.D1l, and reaches a photomultiplier. The position of the lens was put on the half distance of the
positions between the sample and the photomultiplier. That distance is set in 170 mm. Moreover, measuring the
ensemble average of the auto-correlation function of the scattered light (IACF), the cell of the sample is rotated by
a pulse motor, the sampling position is changed, and the DLS-measurement can be repeated. The temperature
control of the sample tube set in the pyrostat was carried out with circulated water by using the thermo-bath
(CB-15, iuchi). The temperature error is within ±0.02 °C. As shown in Figure 2, the electric signal of the
photomultiplier is amplified with hand-made pre- and main-amplifiers with the bandwidth of 100 MHz. The
output signal of the main amplifier is led to the multiple-tau-digital-correlator board (ALV-5000/E, ALV) on a
computer, PC-I (FMV-SE, Fujitsu) through a buffer and a discriminator. The data of IACF is inputted to the
transputer board (ALV-800, ALV), saved in the hard disk, and analyzed with the software of A LV.
The schematic diagram of pulse motor used in the measurement with non-Ergodic mode is shown on the right
hand side in Figure 2. The program of C-Ianguage was used to control the rotation of the sample. That minimum
rotation angle is set up 1°. The C-program execution, on PC-II (PC-9801DA, NEC), synchronizes with the
software of ALV on PC-I. Those two PC's are connected each other with an RS-232C cable. After each run of
IACF-measurements, a synchronized signal is sent to PC-II from PC-I. The software on PC-II is decoded through
the interface 10, and the digital signal is sent to a pulse generator, PG. The data are changed into the fixed pulse
number and are sent to the driver, PD. A sample tube is rotated by pulse motor, PM, corresponding to that
transmitting pulse number.
After a PAAm solution was kept in the fixed temperature for about 12 hours until in equilibrium, DLS
measurement was carried out. After the ergodic nature of PAAm solution is clarified, DLS measurement in a
normal mode was carried out every 2.5 or 5.0 °C in the range of the temperature from 5.0 to 40.0 °C. The duration
and the repetition number are 200 sand 50 times, respectively.
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Figure 4. Time evolution of the diameter of NIPA:PAAm gel rod. The empty and solid circles
correspond to the deswelling and swelling processes in the temperature jump from 20.6 to 34.9 °C
and 39.6 to 30.4 °c, respectively. The solid curves are the fitted one to a single exponential
function.
Relaxation Time
Figure 4 shows the time evolution of the diameter of a NIPA:PAAm gel rod in the process (1) and (4),
mentioned above, transferred from 20.6 to 34.9 °c and vice versa, respectively. The two relaxation curves can be
approximately expressed with a single exponential function. The relaxation times were 2.9x 102 and 4.2x 104 s in
the deswelling and the swelling processes, respectively. The deswelling time is shorter by two digits than that of
the sample #4 of 2.0 mm in the diameter in ref. 32. This difference may be due to the molecular weight of the
PAAm chain and the depth of the final temperature in the T-jump method, 34.9 and 39°C. The difference of the
diameters between 2.60 and 2.0 mm may provide the relaxation time to be slightly increased up to 60%. Especially,
it should be noticed that the swelling time is much larger than the former. This will be discussed in the later
section.
Temperature Dependence of Relaxation Time
Figure 5 shows the final-temperature dependence of the relaxation time ofNIPA:PAAm gel. The solid and the
empty circles are the data in deswelling and swelling processes to a final temperature, respectively. In the figure,
the larger times at the same temperature in each process correspond to the data in the transferred-temperature
width of below 10°C in both swelling and deswellingjumps. The solid curves show an eye-guide one.
The swelling times are larger than the deswelling one in the whole temperature range. This result is
similar to that of a conventional NIPA gel, and is a fault from the viewpoint as an intelligent material.
The steep increase of the relaxation time in all processes is seen near the volume-phase-transition
temperature, To=34.7 °C. Even the deswelling time near To is longer by 2 digits than the time of 10 s far
above To and, moreover, is longer by 4.5 times than the relaxation times below To.
Figure 6 is the plot of Ik vs. T in the logarithmic scale, where lk and T are the relaxation rate in the
deswelling process and the absolute temperature, respectively. r k is expressed by r k == 11, k ==Dq2. Here, D
and q are a collective diffusion coefficient of the gel networks and the magnitude of a wave vector
concerning a relaxation mode, respectively. According to the scaling rule, D - IT- Tol v. We obtained
v =0.63±0.1 0 and O.80±O.07 from the lines in Figure 6. This suggests the strength of slowing down of rK
and lor Do at To. The scaling exponent vis approximately equal to the exponent ofa critical NIPA ge1.35)
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Figure 5. Temperature dependence of relaxation time. Circles (0) and solid circles (e)
correspond to the swelling and the deswelling processes, respectively. Solid and dot curves are the
difference between transferred temperatures of above and below 10°C, respectively.
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Figure 6. Scaling exponent of the relaxation rate vs. the temperature. The relaxation rate vs.
IT-Tolff0 is plotted with a logarithmic scale. The exponents of each group are estimated to be
0.80±O.07 and 0.63±O.IO. Here, To=34.7 ac.
Hydrodynamic Radius of PAAm-Chain in NIPA-Network
IACF of the PAAm solution at 10.0, 22.5, and 37.5 °C is shown in Figure 7. Each IACF is a single
exponential function described by eq 5. The relaxation rate rs can be calculated from each IACF. The estimated
f:values were 10.870, 16.667, 22.727 Is, at 10.0, 22.5, and 37.5 °C, respectively. The D-values were 3.112x 10-7, 4.
771 x IO·7, and 6. 506xIO·7 cm2ls. Here, q2=3. 493xl0lO cm-2. It is clarified that rand D are an increase function of
temperature. It is clarified that The value of IACF at r--<X> in the plot of lag time vs. IACF's of the PAAm solution
at 27.5 °C tends to zero in both modes, measured with the average of the repetition number of 100 with the
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Figure 7. Temperature dependence of IACF of the PAAm solution. IACF's; a, b, and c
correspond to the measurements at 10.0, 22.5, and 37.5 °C, respectively. Solid curves are the fitting
results to a single exponential formula.
duration time of 100 s. This result shows that the PAAm/water polymer solution is the ergodic nature as a
mono-disperse medium. However, it is seen that the IACF is fitted less to one exponential function with
decreasing temperature. This result may correspond to that the spectrum becomes broader.
Temperature Dependence of Hydrodynamic Radius
The viscosity of solvent water, 17, can be approximately calculated by the following formula.
17==Aexp[(l+BT)/(CT+DT)) (6)
Here, the numerical parameters A, B, C, and Dare 0.0125718, -0.005806436, 0.001130911, and
-o.5723952x 10-5, respectively.
The hydrodynamic radius of the PAAm solution was obtained by using the Einstein-Stokes formula including
17. The temperature dependence of the hydrodynamic radius, RH is shown in Figure 8(b). As temperature increases,
RH shows a tendency of non-linearly increasing with temperature. The polymer chain in the PAAm-solution seems
to be glove-shaped at a low temperature and coil-shaped at a high temperature. PAAm chains in water may swell
as increasing temperature, because the coagulation force, van der Waals force between hydrophilic segments in
the chain, is lowered, in other word, by hydration. This characteristic of PAAm chains causes to work as a water
channel in the shrinkage process of NIPA:PAAm gels. However, in the swelling process, the PAAm chains may
cause to block the water channel. Therefore, the swelling speed will become too much late.
In addition, it is interested in that the NIPA:PAAm gels show a pattern formation on the lateral face of the
sample rod only in the swelling process.
The distance between the ends of a single Gaussian chain, RE, can be estimated 7.328 xl 0-7 em. Here, the
length ofa segment of the chain is 2.555 A, and then the number of the segment is 825, as follows.
(7)
Moreover, the hydrodynamic concentration of polymer solution, eRR, can be expressed with the following
formula. 36)
(8)
Here, M, NA, and RH are the molecular weight, the Avogadro's number, and the averaged chain distance,
respectively. RAF14.78 X 10- 7 em. The ratio of the intermolecular distance and the hydrodynamic radius is about
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Figure 8. (a): Collective diffusion coefficient of the PAAm solution. D is an increasing function
of the temperature in the range of 5 to 40 ac. (b): Hydrodynamic radius of the PAAm solution.
Hydrodynamic radius, RH, is an increasing function below 30°C and, approximately above 30°C,
does not change with increasing temperature.
2 times at 5 °C and approximately 1 at 40°C. This result shows that an inter-molecular interaction does not
influence a hydrodynamic radius in the low temperature in the PAAm-solution concentration of 56.0 mg/ml. But,
on the other hand, the extent of the PAAm chain at the high temperature region approaches a limit. And also, we
could suggest that an interaction between the PAAm-chains have an effect on a hydrodynamic radius.
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